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ReinforcementAbstract The exact analysis of reinforced concrete deep beams is a complex problem and the pres-
ence of web openings aggravates the situation. However, no code provision exists for the analysis of
deep beams with web opening. The code implemented strut and tie models are debatable and no
unique solution using these models is available. In this study, the ﬁnite element method is utilized
to study the behavior of reinforced concrete deep beams with and without web openings. Further-
more, the effect of the reinforcement distribution on the beam overall capacity has been studied and
compared to the Egyptian code guidelines. The damaged plasticity model has been used for the
analysis. Models of simply supported deep beams under 3 and 4-point bending and continuous deep
beams with and without web openings have been analyzed. Model veriﬁcation has shown good
agreement to literature experimental work. Results of the parametric analysis have shown that
web openings crossing the expected compression struts should be avoided, and the depth of the
opening should not exceed 20% of the beam overall depth. The reinforcement distribution should
be in the range of 0.1–0.2 beam depth for simply supported deep beams.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University.1. Introduction
Structural bendingmembers can be broadly divided into two re-
gions. The ﬁrst region is the Bernoulli regions (B-Region), where
the strain distribution across the section is linear. The second re-
gion is theD- orDisturbed regions, where the strain distribution
is nonlinear as the case of deep beams. Reinforced concrete deep
beams havemany useful applications in building structures such
as transfer girders, wall footings, foundation pile caps, ﬂoor
diaphragms, and shear walls. The use of deep beams at the lower
levels in tall buildings for both residential and commercial pur-
poses has increased rapidly because of their convenience and
330 A.R. Mohamed et al.economical efﬁciency. It is recognized that the distribution of
the strain across the section of deep beams is nonlinear and
hence, these structural elements belong to the D-Regions,
Nagarajan and Madhavan [1]. Traditionally, the D-Regions
have been designed using empirical formulae or past experience.
Recently, the Strut-and-Tie Model (STM) has been recognized
as an effective tool for the design of both B- and D-Regions
and it has found place in many design codes.
The strut and tie model (STM) provides design engineers
with a more ﬂexible and intuitive option for designing struc-
tural elements. The complex stress ﬂows in a cracked concrete
structure are approximated with simple truss elements that can
be analyzed and designed using basic structural mechanics.
Though the STM is effective for the design of D-Regions,
the method has not yet been widely implemented due to many
reasons such as: (1) the difﬁculty in ﬁxing an optimum truss
conﬁguration for a given structural member with given load-
ing, (2) the complexity and approximation of the solution
and the inability of the STM to predict the failure modes of
deep beams, Tan et al. [2] and Yang et al. [3].
It has been recognized that the ﬁnite element method can
provide realistic and satisfactory solutions for nonlinear
behavior of reinforced concrete structures. Therefore, the ﬁnite
element software, ABAQUS [4], has been used to study the
behavior of reinforced concrete deep beams with and without
web opening under monotonic loading actions. First, the mod-
eling technique has been veriﬁed by comparing the model pre-
diction to experimental work in the literature. A parametric
study has been conducted to predict the behavior of simply
supported and continuous reinforced concrete deep beams un-
der 3-points and 4-points bending conﬁgurations. Also, it
examines the effect of the location of web openings in both
simple and continuous deep beams. Finally, the effect of the
reinforcement distribution on the overall capacity of the beam
has been conducted. The results of this study have been com-
pared with the ACI 318-08-Appendix A [5], and the Egyptian
Code (EC 203-2006) [6] recommendations.2. Background
Deep beams are deﬁned as members loaded on one face and
supported on the opposite face so that compression struts
can develop between the loads and the supports. Their clear
spans are either equal to or less than four times the overall
member depth; or regions with concentrated loads within twice
the member depth from the face of the support, ACI 318-08
[5]. The EC 203-2006 [6] adopts the same deﬁnition as ACI
318-08, whereas the Euro Code [7] deﬁnes a deep beam as a
member whose span is less to or equal to 3 times the overall
section depth. These structural elements belong to D (Dis-
turbed) regions, which have traditionally been designed using
empirical formulae or using past experience.
STM is a recent development in the analysis and design of
reinforced concrete structural elements. In STM, the rein-
forced concrete member is replaced by an equivalent truss,
where the compression and tension zones are converted into
equivalent struts and ties connected at the nodes to form a
truss resisting the applied loads.
Design codes provide an extensive explanation and illustra-
tion of the struts, ties and nodes’ shapes, classiﬁcation and
detailing. In addition to the permissible stresses in struts andnodes and the corresponding cross sectional areas of struts
and nodes [5–7]. Fig. 1 illustrates a schematic representation
of the STM developed for deep beams under 3- and 4-points
bending conﬁgurations respectively.
The STM has been subjected to ongoing debates due to
the difﬁculty in constructing the optimum truss conﬁgura-
tion for a given loading. Traditionally, STM has been devel-
oped using load path method or with the aid of stress
trajectories. However, this STM is not unique and varies
with the designer’s intuition and past experience. In order
to overcome the limitations associated with the development
of the STM, the Finite Element Method (FEM), is applied
in the present study to predict the behavior of reinforced
concrete deep beams. Results are compared to the corre-
sponding code provisions for the design of deep beams using
the STM.
FEM has proven to be a versatile tool for studying the non-
linear behavior of reinforced concrete structures. Current ad-
vances in computational capabilities have motivated the
development of large number of commercial ﬁnite element
codes. These codes have shown the adequate reliability and
accuracy to study the behavior of reinforced concrete struc-
tures. In the present study, the damaged plasticity model, as
implemented in the general purpose ﬁnite element software
ABAQUS [4], is used to study the behavior of reinforced con-
crete deep beams. This constitutive modeling has proved to be
the most stable regime for modeling concrete nonlinear behav-
ior. It shows the ability to capture the whole concrete behavior
up to failure with reliable accuracy when compared to the
experimental results, Saeed [8].
The concrete damaged plasticity model in ABAQUS [4] is
based on the models proposed by Lubliner et al. [9] and Lee
and Fenves [10]. The model uses the concepts of isotropic dam-
aged elasticity in combination with isotropic tensile and com-
pressive plasticity to represent the inelastic behavior of
concrete. The model consists of the combination of non-asso-
ciated multi-hardening plasticity and scalar (isotropic) dam-
aged elasticity to describe the irreversible damage that occurs
during the fracturing process. The elastic behavior of the mate-
rial is isotropic and linear. The model is a continuum, plastic-
ity-based, damage model for concrete. It assumes that the
main two failure mechanisms are tensile cracking and com-
pressive crushing of the concrete material. The evolution of
the yield (or failure) surface is controlled by two hardening
variables linked to failure mechanisms under tension and com-
pression loading, respectively. Fig. 2 shows the uniaxial tensile
and compressive behavior of concrete, respectively, used in the
concrete damaged plasticity model. As depicted from the ﬁg-
ure, if the concrete is unloaded at any point on the softening
branch, the elastic stiffness is reduced. The effect of the dam-
age is different in tension and compression, and the degraded
response of concrete is taken into account by introducing two
independent scalar damage variables for tension and compres-
sion respectively.3. Research program
The research program includes two parts; the ﬁrst part is the
validation of the proposed model using experimental data
from literature. The second part is concerned with the para-
metric study.
Figure 1 Schematic representation of STM.
Figure 2 Response of concrete due to (a) uniaxial tension, (b) uniaxial compression [4].
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In order to validate the ability of the selected concrete model
to study the tensile and compressive behavior of reinforced
concrete deep beams, a benchmark test has been carried out
using one of the deep beams (Beam SS-1), studied by Hong
et al. [11] for the evaluation of shear strength of deep beams.
This test serves as a source for comparison with the existing
experimental results. In the study conducted by Hong et al.
[11], simply supported beams were instrumented to measure
the mid span deﬂections and loads. Fig. 3 illustrates the cross
section and loading conﬁguration of the tested beam. An 8-
node solid element with one point integration was utilized to
create the concrete beam mesh. An embedded truss reinforce-
ment a 2-node linear 3D truss element was used to model steel
rebars. The mesh used in this validation is shown in Fig. 4.Fig. 5 illustrates the load–deﬂection response of the studied
beam in comparison with the experimental results obtained by
Hong et al. [11]. The modeled response veriﬁes the ability of
the selected model to capture the whole beam’s behavior up
to failure and shows a good agreement to the experimental re-
sults. The results of the model can be used in validating and
guiding experimental work, in addition to exploring concrete
response under complicated loading conditions such as the
behavior of reinforced concrete deep beams with and without
web opening introduced in the current study.
3.2. Parametric study
The research program for the parametric study conducted in
this paper consists of (9) deep beams. All the studied beams
had a clear span (lc) of 6000 mm, a depth (d) of 2000 mm deep
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Figure 3 Cross section and loading conﬁguration of beam SS-1
[11].
Figure 4 The applied mesh for beam SS-1.
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Figure 5 Comparison of load–deﬂection response for the applied
material model vs. experimental results.
332 A.R. Mohamed et al.and a width (b) of 500 mm. Fig. 6 shows the studied beams’
geometry and dimensions, while Fig. 7 shows typical example
for the meshing of deep beam DS3-1W.
The studied beams were categorized in three main groups;
the ﬁrst group is for simply supported deep beams with and
without web openings under 3-points bending (Beams DS3-0,
DS3-1W, DS3-2W). The second group includes simply sup-
ported deep beams with and without web openings under 4-
points bending (Beams DS4-0, DS4-1W. and, DS4-2W). On
the other hand, the third group contains continuous deep
beams with and without web openings (Beams DC-0, DC-
1W and DC-2W). The mechanical properties of the concrete
and reinforcing bars for all studied beams are summarized in
Table 1. The material properties of concrete are taken as pro-
posed by Hong et al. [11].
The beams were designed in accordance with the recommen-
dation of the EC 203-2006 [6]. Table 2 summarizes the rein-
forcement detailing for the beams. The deep beams have been
modeled using the damaged plasticity model in ABAQUS/Stan-
dard. Concrete tensile behavior has been modeled as a quasi-
brittle material and the beam reinforcement has been modeled
as embedded truss elements. The considered variables in this
parametric study are the loading scheme, the location of web
openings and the reinforcement distribution. The obtained re-
sults are compared to both the ACI 318-08 [5] and the EC
203-2006 [6] provisions, in terms of the strut and tie widths
and the effective reinforcement distribution depth.
4. Results and discussions
4.1. Load–deﬂection response
Figs. 8–10 show the load deﬂection response of the simply sup-
ported deep beams under 3-points and 4-points bending and
continuous deep beam respectively. It can be depicted from
these ﬁgures that the presence of web openings crossing the
compression struts developed between the load and the sup-
ports (case of beams DS3-2W, DS4-2W, DC-1W) resulted in
a substantial reduction in the failure load and the beam’s over-
all capacity. This reduction ranges from 33% in case of the
simply supported deep beam under 3-points bending to 36%
in case of the simply supported deep beam under 4-points
bending. However, when the web openings were located out-
side the expected line of action of compression struts, the
reduction in the failure load ranged from 3% in case of beam
DS4-1W to 15% in case of beam DS3-1W
In order to study the effect of the size of the web opening on
the beam’s overall capacity, four different web openings were
considered in Beam DS3-1W with length ranging from 0.1 lc
to 0.2 lc and a total depth from 0.075d to 0.3d. Fig. 11 illustrates
the load–deﬂection response of BeamDS3-1W for different web
opening sizes and the corresponding failure load. As depicted
from this ﬁgure, for deep beams having the same web opening
depth, the reduction in the failure load due to the increase in
the web opening width from B1 = 600 mm to B2 = 2B1 =
1200 mm is negligible. On the other hand, for deep beams hav-
ing a constant web opening width and a variable depth fromH1
to H2 = 2H1, the reduction in the failure load and the beam
capacity was about 7%. Therefore, themost important observa-
tion that can be deduced from Fig. 11 is that, as long as the
opening does not interfere with the load path or stress trajecto-
(a) Beam DS3-0 (b) Beam DS3-1W (c) Beam DS3-2W 
(d) Beam DS4-0 (e) Beam DS4-1W (f) Beam DS4-2W 
(g) Beam DC-0 (h) Beam DC-1W i) Beam DC-2W 
Figure 6 Beams geometry and dimensions.
Figure 7 The applied mesh for beam DS3-1W.
Reinforced concrete deep beams with web openings 333ries, i.e. compression struts, the depth is the most important
parameter inﬂuencing the beam’s overall capacity. Hence, for
an overall reduction in the beam’s capacity not exceeding
10%, the depth of the central opening should not exceed 20%
of the beam overall depth (0.2d).
4.2. Crack pattern
The general failure modes of reinforced concrete members are
represented by the occurrence and development of cracks and
crushing of concrete. Fig. 12 illustrates the crack pattern at
failure for the studied beams. It should be noted that the con-
crete damaged plasticity model does not have the notion ofcracks developing at the material integration point. However,
it is possible to introduce the concept of an effective crack
direction with the purpose of obtaining a graphical visualiza-
tion of the cracking patterns in the concrete structure. The cri-
teria adopted in this model are the assumption that cracking
initiates at points where the tensile equivalent plastic strain is
greater than zero, and the maximum principal plastic strain
is positive. Based on these criteria, the direction of the vector
normal to the crack plane is assumed to be parallel to the
direction of the maximum principal plastic strain. This direc-
tion can be viewed in the visualization module of the post-pro-
cessor ABAQUS/CAE.
4.3. The developed struts’ width
Compression struts have developed between the load and sup-
ports. These struts’ widths obtained from the model are com-
pared with the corresponding values evaluated using the ACI
318-08 [5] and the EC (203-2006) [6] equations. Tables 3–5
summarize the comparison between the calculated and the ob-
tained strut’s widths from the model, for the studied deep
beams without web openings.
These results show that the code provisions for the design
of reinforced concrete deep beams substantially underestimate
the strength of the reinforced concrete members. Therefore the
actual capacity of the structure is greater than that of the ide-
alized truss, and, hence, designs based on STM are always on
the safer side. Moreover, as the current study has shown that
the evaluated strut width is wider than the expected strut
width, as obtained by the model, this will allow more openings’
width to be considered in deep beams.
It is noteworthy that no code provisions have been pro-
vided in the ACI 318-08, EC 203-2006 or BS EN 1992-1-1:
Table 1 Material properties for the studied deep beams [11].
Concrete properties:
1. Elastic properties
Young’s modulus 20 GPa
Poisson’s ratio 0.2
2. Uniaxial compression values
Characteristic compressive strength ( f 0c) 23.5 MPa
3. Uniaxial tension values
Cracking failure stress 2 MPa
4. Details of softening behaviora Tensile stress (rt) Displacement across crack (uo)
2.00 0
1.5753 5.3633E005
1.0559 9.9559E005
0.70781 0.00014054
0.47446 0.00017843
0.31804 0.00021451
0.21319 0.00024966
0.1429 0.00028447
0.095791 0.00031939
0.064211 0.00035472
0.043042 0.00039072
5. Details of tension damage (dt)
a Damage parameter (dt) Displacement across crack (uo)
0 0
0.381217 5.3633E005
0.617107 9.9559E005
0.763072 0.00014054
0.853393 0.00017843
0.909282 0.00021451
0.943865 0.00024966
0.965265 0.00028447
0.978506 0.00031939
0.9867 0.00035472
0.99177 0.00039072
Steel (rebar) properties:
Young’s modulus 230 GPa
Poisson’s ratio 0.3
Yield stress 392 MPa
a Not listed by the reference.
334 A.R. Mohamed et al.2004. Hence, for the design of deep beams with web openings,
no comparison could be made for the stress distribution or the
developed struts widths for the studied reinforced concrete
deep beams with web opening. Fig. 13 illustrates the developed
compression struts between the load and supports for all the
studied deep beams.
4.4. The stress and strain distributions
The stress and strain distributions for all the studied deep beams
at failure, have been extracted and evaluated. Typical example of
these distributions is shown in Fig. 14. As expected, the strain
distribution is nonlinear and the stress distribution in tension
is limited to the assumed tensile strength of concrete, while the
compressive stress simulates that assumed by the code.
4.5. Effect of reinforcement distribution
Since 2003, the EC 203-2006 Committee has issued a hand-
book for the detailing of structural members. This hand-book introduces some guidelines for reinforcement
detailing of different structural members. For simply sup-
ported deep beams under uniformly distributed loads, it is
recommended that the main tension reinforcement should
be distributed along a depth ranging from 0.15 to 0.3 of
the overall beam depth. This range varies according to
the type of the applied loads and the boundary conditions.
In the present study, this guideline was reviewed for simply
supported deep beams by distributing the main tension
reinforcement over varying depths ranging from 0.05 to
0.4 of the total beam depth (H). The effect of reinforce-
ment distribution on the beam capacity has been studied
and the stress distribution in reinforcing steel has been
monitored. Fig. 15 illustrates the different reinforcement
distribution applied in the present study.
The simply supported reinforced concrete deep beam under
3-points bending, (Beam DS3-0) illustrated in Fig. 6a, was
studied for the different reinforcement distribution. Fig. 16
illustrates the load–deﬂection response of the beam and the ob-
served reduction in the beam capacity with increasing rein-
forcement depth.
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Figure 8 Load–deﬂection response of simply supported deep
beams under 3-points bending conﬁguration.
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Figure 9 Load–deﬂection response of simply supported deep
beams under 4-points bending conﬁguration.
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Figure 10 Load–deﬂection response of continuous deep beams.
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Figure 11 Load–deﬂection response of beam DS3-1W for
different web openings.
Table 2 Reinforcement of tested deep beams.
Beam ref. Tension longitudinal
reinforcement
Compression longitudinal
reinforcement
Horizontal
reinforcement
Vertical
reinforcement
DS3-0 12 /16 6 /16 /16@275 mm /12@275 mm
DS3-1W 12 /16 6 /16 /16@275 mm /16@275 mm
DS3-2W 12 /16 6 /16 /16@275 mm /16@275 mm
DS4-0 12 /16 6 /16 /16@275 mm /12@275 mm
DS4-1W 12 /16 6 /16 /16@275 mm /16@275 mm
DS4-2W 12 /16 6 /16 /16@275 mm /16@275 mm
DC-0 12 /16 12 /16 /16@275 mm /12@275 mm
DC-1W 12 /16 12 /16 /16@275 mm /16@275 mm
DC-2W 12 /16 12 /16 /16@275 mm /16@275 mm
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(a) Beam DS3-0 (b) Beam DS3-1W (c) Beam DS3-2W 
(d) Beam DS4-0 (e) Beam DS4-1W (f) Beam DS4-2W 
(g) Beam DC-0 (h) Beam DC-1W (i) Beam DC-2W 
Figure 12 Visualization of crack pattern.
(a) Beam DS3-0 (b) Beam DS3-1W (c) Beam DS3-2W 
(d) Beam DS4-0 (e) Beam DS4-1W (f) Beam DS4-2W 
(g) Beam DC-0 (h) Beam DC-1W (i) Beam DC-2W 
Figure 13 The developed compression struts.
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Figure 14 Stress and strain distribution of simply supported deep beam without web opening under 3-points bending (Beam DS3-0) at
beam mid span at failure.
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Reinforced concrete deep beams with web openings 337From the ﬁgure, it can be depicted that no signiﬁcant reduc-
tion in the beam’s capacity was observed when the reinforce-
ment depth increased from 0.05H to 0.1H. However, a
reduction of 6.0% in the beam capacity was detected when
the upper limit speciﬁed in the handbook for reinforcement
distribution; 0.3H, was applied. Table 6 summarizes the ap-Table 3 The strut and tie width for beam DS3-0.
Current study ACI 318-08 EC (203-2006)
Strut width (Ws) mm 471.73 670.3 761.8
Tie width (WT) mm 278.1 444.6 677
Table 4 The strut and tie width for beam DS4-0.
Current study ACI 318-08 EC (203-2006)
Strut width (Ws) mm 518.3 659.76 726.3
Tie width (WT) mm 381.05 320.8 488.6
Table 5 The strut and tie width for beam DC-0.
Current
study
ACI
318-08
EC
(203-2006)
Strut width (Ws1) mm 549.35 316.76 482.2
Strut width (Ws2) mm 607.4 950 1446.7
Tie width (WT1) –top mm 357.5 412.5 628.25
Tie width (WT2) – bottom mm 356.8 275 419
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Figure 16 Load–deﬂection response of simply supported deep
beam with various tension reinforcement distributions.
Table 6 Reduction in beam capacity due to reinforcement
distribution.
Tension reinforcement depth % Reduction in beam capacity
0.1H (200 mm) 0.34
0.2H (400 mm) 2.1
0.3H (600 mm) 5.87
0.4H (800 mm) 12.16
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Figure 17 Stress distribution in rebars (distribution
depth = 0.05H).
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Figure 18 Stress distribution in rebars (distribution
depth = 0.1H).
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Figure 19 Stress distribution in rebars (distribution
depth = 0.2H).
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Figure 20 Stress distribution in rebars (distribution
depth = 0.3H).
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Figure 21 Stress distribution in rebars (distribution
depth = 0.4H).
338 A.R. Mohamed et al.plied reinforcement distribution depths and the corresponding
reduction in the beam’s overall capacity. From this compari-
son, it is suggested that the reinforcement distribution should
be in the range of 0.1–0.2H for simply supported deep beams.
Furthermore, the stress distribution in the tension rein-
forcement was monitored and recorded for different reinforce-
ment distribution schemes. Figs. 17–21 illustrate the stress
distribution in each rebar layer along the rebar length.
From this set of ﬁgures, it can be observed that, for smaller
distribution depth (0.05H), the stresses in the rebar layers are
almost identical. A reduction in the reinforcement stresses is
observed when the rebar depth increases and this reduction
is proportional to the rebar position.
5. Summary and conclusions
Based on this study, it is recognized that the exact analysis of
reinforced concrete deep beams is a complex problem and the
presence of web openings aggravates the situation. The appli-
cation of the damaged plasticity model implemented in ABA-
QUS/Standard for the analysis of simply supported deep
beams under 3-points and 4-points bending and continuous
deep beams with and without web openings provided useful
information about the responses of reinforced concrete deep
beams under monotonic loadings. The most important conclu-
sions of the conducted parametric study can be summarized as
follows:
1. The model validation with experimental work from litera-
ture has shown that the model is capable of capturing the
entire response reasonably.
2. The web openings crossing the expected compression struts
developed between the load and the supports cause approx-
imately about 35% reduction in the beam’s capacity in all
the studied cases and hence it should be avoided.
3. When the introduced web opening does not interfere with
the load path or stress trajectories, i.e. compression struts,
the observed reduction the beam’s capacity ranged from
6% to 8% depending on the opening dimensions.
Reinforced concrete deep beams with web openings 3394. The depth of the opening is the most important parameter
inﬂuencing the beam’s overall capacity. Therefore for an
overall reduction in the beam’s capacity not exceeding
10% of the capacity the beam without web opening, the
depth of the opening should not exceed 20% of the beam
overall depth (0.2d).
5. The effect of reinforcement distribution on the beam capac-
ity was studied and the stress distribution in reinforcing
steel has been monitored. A reduction, ranging from
0.3% to 12% in the beam capacity, was observed, when
the tension reinforcement distribution depth was increased
from 0.1H to 0.4H. Thus, it is suggested that the reinforce-
ment distribution should be in the range of 0.1–0.2H for
simply supported deep beams.
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